All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Copepods are of high ecological importance by linking energy and matter from phytoplankton to higher trophic levels of the pelagic marine food web \[[@pone.0193727.ref001]\]. The calanoid copepod, *Acartia tonsa*, inhabits estuaries and nearshore environments of temperate waters \[[@pone.0193727.ref002]\]. Besides a high tolerance towards environmental changes, *A*. *tonsa* are like 41 other calanoids capable of coping with seasonality and stressful conditions by producing dormant eggs where embryogenesis is on a halt \[[@pone.0193727.ref003]\]. Subitaneous eggs, hatch within a few days after oviposition when the surrounding conditions are optimal. When conditions are sub-optimal, the embryos can survive by undergoing dormancy, which comprises following three types: quiescence, which is defined as retarded development, oligo-pause which is delayed hatching embryos and diapause, where development is arrested \[[@pone.0193727.ref003]\].

The dormant eggs sink to the bottom where they are buried and accumulate in the sediment egg bank. Depending on the type of dormancy and sediment conditions, the embryos can survive for years. When the sediment is being disturbed and dormant eggs return to the water column, where they under favorable conditions will hatch and recruit new copepods to the pelagic population \[[@pone.0193727.ref004],[@pone.0193727.ref005]\].

Even though copepods are ecological important not much is known about the underlying embryonic mechanisms during subitaneous development and quiescence. Most studies are dealing with the post-embryonic development of calanoid copepods, but only a few studies concern the embryonic development in further details \[[@pone.0193727.ref006],[@pone.0193727.ref007]\].

Ecdysteroids is a group of polyhydroxylated sterols that in arthropods mediates embryonic development, molting, metamorphosis, and adult development by stimulating curticular protein (CP) production \[[@pone.0193727.ref008],[@pone.0193727.ref009]\]. Embryonic ecdysteroids are secreted from ovarian follicle cells and converted into conjugates with yolk proteins \[[@pone.0193727.ref010]--[@pone.0193727.ref014]\]. During embryogenesis, the enzyme, ecdysteroid-phosphate phosphatase (EPPase), hydrolyzes conjugated ecdysteroids into free-form as the yolk-proteins continuously degrade \[[@pone.0193727.ref015],[@pone.0193727.ref016]\] ([Fig 1](#pone.0193727.g001){ref-type="fig"}). In addition, embryonic ecdysteroids are also suggested to be *de novo* synthesized enzymes encoded by a set of genes called the Halloween genes \[[@pone.0193727.ref017]\] ([Fig 1](#pone.0193727.g001){ref-type="fig"}).

![Simplified diagram of the ecdysone-signaling pathway.\
Yolk-conjugated ecdysteroids are released in free form by the action of ecdysteroid-phosphate phosphatase (EPPase) leading to the biological active 20-hydroxyecdysone (20E). High titers of 20E activate the Ecdysone Receptor (EcR) / Ultraspiracle (USP) complex, which targets down-stream stimulation of ß-fushi tarazu transcription factor 1 (ßFTZ-F1). ßFTZ-F1 stimulates the expression of ecdysteroids-responsive genes like early genes 74 and 75 (E74, E75) and the Broad-Complex (BR-C). The ecdysteroids-responsive genes stimulate the expression of cuticular protein genes, which ultimately will result in embryonic molting. Another possible route of the embryonic ecdysteroid-signaling pathway is the biosynthesis of ecdysone (E) by the Halloween genes, which is the pre-cursor of 20E. Genes used as representatives in gene expression analysis of the present study are marked with bold, black font.](pone.0193727.g001){#pone.0193727.g001}

The biological active ecdysteroid, 20-hydroxyecdysone (20E) will upon interaction with a heterodimer receptor complex consisting of the ecdysone receptor (EcR) and ultraspiracle (USP), initiate a cascade of ecdysteroid responsive genes that ultimately will stimulate embryonic molting by targeting the expression of CP genes \[[@pone.0193727.ref009],[@pone.0193727.ref018]--[@pone.0193727.ref020]\] ([Fig 1](#pone.0193727.g001){ref-type="fig"}). Embryonic molting is the deposition of embryonic cuticles \[[@pone.0193727.ref021],[@pone.0193727.ref022]\].

Following interaction between 20E and the EcR/USP complex, the expression of *ß-fushi tarazu (ftz) transcription factor 1* (*ßFTZ-F1*) will be stimulated, and target down-stream ecdysone responsive genes, including the *early genes 74* and *75* (*E74*, *E75*) and the *Broad-Complex* \[[@pone.0193727.ref009]\]. Expression of *ßFTZ-F1* is timely restricted during development and have an important role in late embryogenesis and later molting processes by regulating the ecdysteroid-responsive genes, including E74 \[[@pone.0193727.ref009],[@pone.0193727.ref023]\].

The aim of the present study is to examine subitaneous development and quiescence of copepod embryos using the model species, *A*. *tonsa*. The embryogenesis was monitored by visualization of DAPI-stained eggs during subitaneous development and quiescence. Hatching success was estimated to determine viability and gene expression of *EPPase*, *EcR*, *ßFTZ-F1*, and *E74* were analyzed since they represent four different levels of the ecdysone-signaling cascade leading to embryonic molting and development.

Materials and methods {#sec002}
=====================

Cultures {#sec003}
--------

The *A*. *tonsa* strain (DFH-ATI) used for cultivation originated from Øresund (N 56°/E 12°; Denmark) and was isolated in 1981 \[[@pone.0193727.ref024]\]. The strain has for 30 years been maintained under constant salinity, temperature and light conditions (salinity 32, 17°C, dim light) and fed on a diet consisting of the mono-algae, *Rhodomonas salina* (identity code: K-1487). Three copepod cultures were set up prior the experiments in order to provide statistical replicates. The cultures were kept in 60 L flat-bottomed polyethylene tanks at the same stable conditions as mentioned above in 40 L 0.2μm-filtered seawater with gentle aeration. The copepods were fed *R*. *salina ad libitum* every day (\>800 μg C L^-1^), which was cultivated in 2.0 L round-bottom glass flasks with F2 media \[[@pone.0193727.ref025],[@pone.0193727.ref026]\]. Cultivation took place under stable conditions at 17°C with CO~2~ supply and light (PAR\~80μE m^-2^ s^-1^). All experiments were conducted with 0.2μm-filtered seawater with a salinity of 32.

Hatching success {#sec004}
----------------

Adult copepods isolated with a 400μm mesh was transferred to 1.0 L beaker glasses containing seawater in order to spawn. After 1 h of incubation, the adults were separated from the eggs using a 125μm mesh on top of a 54μm mesh. Eggs were transferred to 50 mm in diameter petri dishes and incubated at 16.9 ± 0.1°C (mean ± SD) for subitaneous development of the embryos in 10 mL seawater. Eggs and nauplii were counted after 24, 48, 72 and 96 h in order to determine the hatching success ([Fig 2](#pone.0193727.g002){ref-type="fig"}). Subitaneous hatching success was performed with 6 replicates (624 ± 113 eggs per replicate, mean ± SD).

![Experimental setup for determining hatching success, DAPI-staining and gene expression analysis of *Acartia tonsa* eggs.\
See text for details.](pone.0193727.g002){#pone.0193727.g002}

Based on the following DAPI visualization of embryogenesis, eggs were within 1 h after oviposition (n = 160 ± 24, 5 replicates) transferred to petri-dishes and incubated at 3.0 ± 0.2°C for 14 days to induce quiescence ([Fig 2](#pone.0193727.g002){ref-type="fig"}). Furthermore, additional embryos (n = 191 ± 26) were undergoing subitaneous development for 32 h at 16.9 ± 0.1°C before being incubated at 3.0 ± 0.2°C for 14 days for quiescence ([Fig 2](#pone.0193727.g002){ref-type="fig"}). Eggs and nauplii were following quiescence counted after 24, 48, 72 and 96 h to determine hatching success ([Fig 2](#pone.0193727.g002){ref-type="fig"}). The eggs that remained un-hatched after 96 h were selected and stained as described in the DAPI staining.

DAPI staining {#sec005}
-------------

Adult copepods from the three individual cultures were isolated with a 400μm mesh and transferred to 1.0 L beaker glasses containing 800 mL seawater with gentle aeration. The copepods were fed *R*. *salina* and incubated to spawn for 1 h in darkness at 16.9 ± 0.1°C (mean ± SD). The adults, and other life-stages were separated from the eggs by using a 125μm mesh on top of a 54μm mesh to collect the eggs. Eggs were transferred to 1.5 mL Eppendorf tubes containing seawater and incubated at 16.9 ± 0.1°C. Sampling was done each hour from 1 to 8 h, and for every fourth hours from 8 h to 72 h ([Fig 2](#pone.0193727.g002){ref-type="fig"}). The samples were centrifuged at 10.000 rpm for 30 seconds in order to pellet the eggs. Residual seawater was removed by pipetting and eggs were fixed by sodium tetraborate-buffered 4% formaldehyde in seawater, in order to stop the biochemical activities in the embryos and increase mechanical strength \[[@pone.0193727.ref027]\]. The seawater used for dilution of the formaldehyde was the same as used for cultivation of the copepods in order to avoid the undesired effects of osmotic stress in the embryos. Eggs treated with the fixation solution were stored at 3 ± 0.2°C (mean ± SD) in darkness for a minimum of 24 h before further processing.

Embryos, from each developmental time-step, were stained with DAPI according to \[[@pone.0193727.ref028]\]. De-ionized water was used to cause osmotic stress to such a degree that it allowed the uptake of the fluorescent molecule into the embryo and the nuclei. Ethanol-rinsed eggs from each sample were transferred to a depression slide (n = 20) containing 100 μL of 10 μg/mL DAPI and then covered with a coverslip. The depression slides containing the treated eggs were incubated at 3 ± 0.2°C (mean ± SD) in darkness for 24 h.

Besides the progressive development during subitaneous and quiescent state, the non-hatching eggs described under hatching success, as well as \~2.5-months old cold-stored eggs, were also DAPI-stained as described here. The \~2.5-months old cold-stored eggs originated from the *A*. *tonsa* egg-bank at Roskilde University harvested July the 25^th^, 2017 (stained October the 3^rd^, 2017).

The subitaneous eggs were examined with a Nikon Eclipse Ti-U inverted microscope (Nikon, Nikon Instruments Europe B.V.) equipped with a 60X dry Plan Apo objective. The epi-illumination was made by a LED epifluorescence UV (365 nm) light source (CoolLED ltd, Andover, UK), using Nikon´s UV-2B filter set (excitation at 330--380; emission at \>435nm). Images were taken by a DS-QiMc camera (Nikon, Nikon Instruments Europe B.V.) powered by NIS elements™ software package (Nikon, Nikon Instruments Europe B.V). Images were made of multiple focus layers to create full depth of field images by scanning images through the embryos. After assembly of multiple focus layers, the final image was de-convoluted using Photiosity (version 1.7.0, Rolf Geprägs, Hamburg, Germany) with a grid size of 25 pixels and 100% noise control.

Quiescent eggs were examined with an Axio Vert.A1 FL inverted microscope with an LD EC Epiplan-Neofluar 50x/0.55 HD DIC M27 objective (Carl Zeiss, Welwyn Garden City, UK). Epi-illumination was provided by a LED epifluorescent UV (365 nm) HXP 120 C light source, using a DAPI filter (Carl Zeiss, Welwyn Garden City, UK). Images of the embryos were taken using an AxioCam MRc digital camera and the AxioVision (ver. 4.8) analysis software by automatic Z-stack scanning the embryos through in 20 slides of 2μm each (Carl Zeiss, Welwyn Garden City, UK). Convolution of the assembled images where processed in the same way as for the subitaneous embryos.

Gene expression analysis {#sec006}
------------------------

Based on the visualization of the embryonic development with DAPI-staining embryos were sampled for real-time quantitative PCR (qPCR) according to the developmental times given in [S1 Table](#pone.0193727.s001){ref-type="supplementary-material"}. For each of the developmental-times quadruplicate samples, each containing 100 eggs, was collected, flash frozen and stored at -80°C until further processing ([Fig 2](#pone.0193727.g002){ref-type="fig"}).

Total RNA was extracted using the RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany). To ensure complete homogenization, embryos were first homogenized in 50 μL RLT buffer using disposable micro-pestles, after which additional 250 μL RLT buffer was added. The samples were vortexed for 5 sec and then processed according to the manufacturer's protocol, with a final elution volume of 30 μL in RNase-free water. RNA concentration and purity were measured using a Nano-Drop 2000/2000c spectrophotometer (ThermoFisher Scientific Inc., USA). RNA integrity was tested on a denatured 1% agarose gel stained with ethidium bromide. Only samples with 280/260 absorbance's between 1.8 and 2.0---and two distinct bands, corresponding to 28s and 18s rRNA, on the gel were used for further analysis.

An aliquot of 50 ng RNA from each sample was transcribed into cDNA with the QuantiTect Reverse Transcription Kit (Qiagen GmbH, Hilden, Germany) according to manufacturers' protocol with the gDNA wipe-out treatment for removal of genomic DNA. The qPCR primers that are listed in [S2 Table](#pone.0193727.s002){ref-type="supplementary-material"} were produced in Geneious® (ver. 9.1.6, Biomatters Ltd, New Zealand). Sequences of *ecdysteroid-regulated early gene E74* (*E74*), *ecdysone receptor* (*EcR*), *ecdysteroid-phosphate phosphatase* (*EPPase*), *ß fushi tarazu transcription factor 1* (*ßFTZ-F1*), *Histone 3* (*HIST*) and *ATP synthase* (*ATPS*) from arthropod species found in the NCBI database were used to BLAST against the *A*. *tonsa de novo* transcriptome (accession no. GFWY00000000). Transcripts with the best matches with the used arthropod genes, in terms of similarity and e-values, were extracted from the transcriptome and used to generate the primers ([S2 Table](#pone.0193727.s002){ref-type="supplementary-material"}). The two reference genes, *HIST* and *ATPS*, were prior the study selected among 7 different genes to be the most stable across different developmental stages (eggs, adults) and stressors (salinity shock, handling---and density stress) after assessment with the geNorm method in the NormqPCR R package \[[@pone.0193727.ref029]\].

To ensure the identity of the primer product sequences originated from the *A*. *tonsa* transcriptome, conventional PCR were used to generate PCR products and submitted for sequencing at Eurofins Genomics (Ebersberg, Germany).

The Brilliant® II Master Mix (Sigma-Aldrich, USA) kit was used for setting up qPCR according to manufactures protocol using 2 μL cDNA as template. The reactions were run on Stratagene Mx3005P (AH Diagnostics, Aarhus V, Denmark) thermal cycler as follows: \[95°C/15 min\]; 40 cycles: \[95°C/30s\] \[58°C/60s\] \[72°C/30s\]. At the end of the cycling program, a melting curve analysis where added. Each replicate sample was run in technical triplicates. PCR amplification of each primer was prior the gene expression analysis determined by the standard curve method, and all had efficiencies above 80%. Gene expression was normalized using the geometric mean of the two reference genes *HIST* and *ATPs* and the 2^ΔΔ-CT^ method to estimate relative mRNA levels \[[@pone.0193727.ref030]\].

Statistics {#sec007}
----------

Since the gene expression levels were heavily skewed on the linear scale, the relative mRNA levels were log2 transformed prior the statistical analysis. Statistical significance of developmental time versus log2 fold change (log2FC) was determined using a one-way ANOVA followed by a Turkey's post-hoc test. All data were tested for normality, homogeneity, and independence prior the ANOVA analysis.

Since count-data (e.g. hatching percentage are based on counts) inheritable are non-normally distributed a permutation analysis of variance (PERMANOVA) was conducted with 10,000 permutations. Because the interaction effect was significant we used a permutation t-test to compare hatching success means of the four time-points (i.e., 24, 48, 72, and 96 h) for the three treatments (i.e., subitaneous eggs, quiescent eggs and eggs undergoing subitaneous development for 32 h followed by quiescence). All data analysis and statistics were done using R \[[@pone.0193727.ref031]\].

Results {#sec008}
=======

Hatching success {#sec009}
----------------

After 24 h of subitaneous development, 9.0 ± 2.9% (mean ± SD) the embryos had developed into fully hatched nauplii. The hatching success after 48 h, 72 h, and 96 h were 73.7 ± 2.9%, 87.2 ± 3.3%, and 89.6 ± 4.1%, respectively ([Table 1](#pone.0193727.t001){ref-type="table"}). For embryos undergoing 14 d of quiescence initiated maximum 1 h after oviposition had after 24, 48, 72, and 96 h following hatching success: 0.6 ± 0.7%, 49.8 ± 3.6%, 63.9 ± 4.4%, and 82.7 ± 2.8% ([Table 1](#pone.0193727.t001){ref-type="table"}). Embryos developed to the LB stage (32 h), followed by 14 d of quiescence, exhibited hatching success of 81.0 ± 2.9%, 86.9 ±1.9%, 87.8 ± 2.8%, and 89.7 ± 2.5% after 24, 48, 72, and 96 h, respectively ([Table 1](#pone.0193727.t001){ref-type="table"}). The number of eggs was consistent with the resulting hatched nauplii.

10.1371/journal.pone.0193727.t001

###### Hatching success (%) of *Acartia tonsa* eggs after subitaneous development, quiescence for 14 d, and subitaneous development for 32 h followed by 14 d of quiescence.

Hatching success is given in percentage hatching (mean ± SD) after 24, 48, 72 and 96 h.

![](pone.0193727.t001){#pone.0193727.t001g}

  ----------------------------------------------------------------------------------------
  Development                      24 h          48 h          72 h          96 h
  -------------------------------- ------------- ------------- ------------- -------------
  Subitaneous development          9 ± 2.9%      73.7 ± 2.9%   87.2 ± 3.3%   89.6 ± 4.1%

  Quiescence, 14 d                 0.6 ± 0.7%    49.8 ± 3.6%   63.9 ± 4.4%   82.7±2.8%

  Subitaneous development, 32 h\   81.0 ± 2.9%   86.9 ±1.9%    87.8 ± 2.8%   89.7 ± 2.5%
  Quiescence, 14 d                                                           
  ----------------------------------------------------------------------------------------

The PERMANOVA indicated that both the main effects (i.e., time and treatments), as well the interaction between time and treatments were significant (p\<0.05). All treatments were statistically significantly different after 24 and 48 h (p\<0.05).

After 72h, the quiescent eggs had a significantly lower hatching success compared to the two other treatments (p\<0.05). After 96h, the quiescent eggs were significantly different from eggs undergoing subitaneous development for 32 h followed by quiescence (p\<0.05).

DAPI staining {#sec010}
-------------

Embryogenesis was classified into 14 stages: 1 cell (S1), 2 (S2), 4 (S3), 8 (S4), 16 (S5), 32 (S6), (S7) and 128 cells to blastula (S8; in blastula, the cells are arranged in multiple rows), gastrulation (G), organogenesis (O), limb bud (LB), appendages appear (AA), early nauplii (EN) and final nauplii (FN). Only embryos with proper staining were used for stage determination.

During subitaneous development, the majority of embryos were present as S1 (52.4%, [Fig 3](#pone.0193727.g003){ref-type="fig"}) and S2 (42.9%, [Fig 3](#pone.0193727.g003){ref-type="fig"}) 1 h after oviposition. The brighter nucleus was faintly appearing approximately in the middle of the cell. The interference from the surrounding yolk made the visualization a bit unclear. Brighter areas observed in some of the embryos could indicate the polar bodies, but this was not studied further. The cleavage resulting in S2 was typically appearing asymmetric with the one cell larger than the second. From 1 to 4 h after oviposition, the embryogenesis gradually develop into S8 (majority 43.5%, [Fig 3](#pone.0193727.g003){ref-type="fig"}) by sub sequential cell cleavages. From 5 h after oviposition, the majority of the embryos start to enter G ([Fig 3](#pone.0193727.g003){ref-type="fig"}). The embryos were then present mainly in G, O, and LB until 32 h after oviposition ([Fig 3](#pone.0193727.g003){ref-type="fig"}). Hereafter the embryogenesis continued gradually until hatching around 48 h for most nauplii ([Fig 3](#pone.0193727.g003){ref-type="fig"}). Development during quiescence was slower than for subitaneous eggs ([Fig 4](#pone.0193727.g004){ref-type="fig"}). From 1 h (S1 and S2) to 36 h after oviposition following induced quiescence the embryos developed from S1 to S8 ([Fig 4](#pone.0193727.g004){ref-type="fig"}). Initial G was induced around 40 h, and the developmental progression stalled in G 48 h-- 3 d after induced quiescence ([Fig 4](#pone.0193727.g004){ref-type="fig"}).

![Percentages of embryonic stages during the subitaneous development of *Acartia tonsa*.\
On the top bright filter--and epifluorescent images can be seen for DAPI stained embryos of *A*. *tonsa*. Embryogenesis was divided into following stages: 1 cell (S1), 2 (S2), 4 (S3), 8 (S4), 16 (S5), 32 (S6), (S7) and 128 cells/blastula (S8), gastrulation (G), organogenesis (O), limb bud (LB), appendages appear (AA), early nauplii (EN) and final nauplii just before hatching (FN). For each of the developmental times, 26±2 embryos were used for stage estimation. Contrast and brightness were adjusted for publication.](pone.0193727.g003){#pone.0193727.g003}

![Percentages of embryonic stages during quiescence of *Acartia tonsa*.\
On the top bright filter--and epifluorescent images can be seen for DAPI stained embryos of *A*. *tonsa*. Embryogenesis was divided into following stages: 1 cell (S1), 2 (S2), 4 (S3), 8 (S4), 16 (S5), 32 (S6), (S7) and 128 cells/blastula (S8), gastrulation (G). For each of the developmental times, 19±4 embryos were used for stage estimation. Contrast and brightness were adjusted for publication.](pone.0193727.g004){#pone.0193727.g004}

Embryos undergoing subitaneous development for 32 h followed by 14 d quiescence were also DAPI stained (n = 28) based on Figs [3](#pone.0193727.g003){ref-type="fig"} and [4](#pone.0193727.g004){ref-type="fig"}. The staining exhibited that the embryos present were in following stages G (3.6%), O (7.1%), LB (32.1%), AA (21.4%), EN (21.4%) and FN (14.3%). As a control, eggs from the same batch, maximum 1 h after oviposition, had induced quiescence for 14 d followed by DAPI-staining (n = 19). All of the control embryos (100%) were in the G. Of the non-hatching eggs after 14 d of embryonic quiescence was 26.3% in G, 15.8% in O, 26.3% in LB, 21.1% in AA, and 5.6% of both EN and FN (n = 19). For non-hatching eggs with subitaneous embryonic development up till 32 h followed by 14 d of quiescence had following stage distribution; 25.0% in G, 16.7% in O, 25.0% in LB, 8.3% in AA, 16.7% EN, and 8.3% FN (n = 12). The \~2.5-month old cold-stored stained eggs (n = 31) the embryos were present in G (16.1%), O (12.9%), LB (22.6%), AA (19.4%), EN (25.8%), and FN (3.2%).

Only embryos that were properly stained were used for stage-determination. Some of the eggs exhibited proper DAPI staining only on the surface corresponding to bacteria and algae on the chorion. These were either dead or failed to be stained for some reason. Other eggs showed sign on punctuations and leakage. These embryos were all excluded from the study.

Gene expression analysis {#sec011}
------------------------

A one-way ANOVA was carried out on gene expression (log2FC) over time (h) for *EPPase*, *EcR*, *ßFTZ-F1* and *E74* during subitaneous development and quiescence. The genes, *EPPase*, *ßFTZ-F1* and *E74*, had significant changes in gene expression over time for both the subitaneous and quiescent state (p \< 0.05, [Fig 5](#pone.0193727.g005){ref-type="fig"}). *EcR* only exhibited significant change over time for subitaneous development (p \< 0.05, [Fig 5](#pone.0193727.g005){ref-type="fig"}). Tukey's HSD post hoc tests were carried out to estimate at which times gene expression differed significantly for the 4 genes.

![Real-time quantitative PCR analysis.\
A) *ecdysteroid-phosphate phosphatase (EPPas*e), subitaneous development; B) *EPPase*, quiescence; C) *ecdysone receptor* (*EcR*), subitaneous development; D) *EcR*, quiescence; E *ß fushi tarazu transcription factor 1* (*ßFTZ-F1*), subitaneous development; F) *ßFTZ-F1*, quiescence; G) *ecdysteroid-regulated early gene E74* (*E74*), subitaneous development; and H) E74, quiescence, of *Acartia tonsa*. For each of the selected developmental times, 4 biological replicates were collected. Each biological replicate contained 100 embryos of *A*. *tonsa*. The real-time quantitative PCR was performed with 3 technical replicates. Expression levels were normalized to the geometric mean of two stable reference genes, *histone 3* (*HIST*) and *ATP synthase* (*ATPS*). Error bars represent standard deviation. Tukey HSD was used to test for significant differences in gene expression (log2 FC) over time (h). Different letters indicate statistically significant differences (P \< 0.05). Statistics were conducted using R and the graph was generated in GraphPad Prism (ver. 6).](pone.0193727.g005){#pone.0193727.g005}

The expression of *EPPase* at 1 and 4 h, during subitaneous development, both differed significantly from 5, 12, 16, 32 and 48 h (p \< 0.05, [Fig 5A](#pone.0193727.g005){ref-type="fig"}). In addition, *EPPase* expression differed significantly after 48 h in comparison to 7 h (p \< 0.05, [Fig 5A](#pone.0193727.g005){ref-type="fig"}). In the quiescent state, the gene expression of *EPPase* was significantly lower at 7 d than 1, 12, 32 and 48 h (p \< 0.05, [Fig 5B](#pone.0193727.g005){ref-type="fig"}).

*EcR* did not exhibit any significant changes in gene expression over time during quiescence ([Fig 5D](#pone.0193727.g005){ref-type="fig"}). But 16 h of subitaneous development differed significantly from 1, 4, 7 and 32 h (p \< 0.05, [Fig 5C](#pone.0193727.g005){ref-type="fig"}).

During the subitaneous embryonic development of *A*. *tonsa*, the expression of *ßFTZ-F1* was significantly different at 32 h in comparison to 4, 5, 7, 12 and 16 h (p \< 0.05, [Fig 5E](#pone.0193727.g005){ref-type="fig"}). The 48 h did not differ from 32 h for *ßFTZ-F1* but were significantly different from 12 and 16 h (p \< 0.05, [Fig 5E](#pone.0193727.g005){ref-type="fig"}). Furthermore, the 1 h of *ßFTZ-F1* differed significantly from 12 h (p \< 0.05, [Fig 5E](#pone.0193727.g005){ref-type="fig"}). The expression of *ßFTZ-F1* was significantly lower after 7 d of quiescence in comparison to 1, 4, 5, 7, 12 and 32 h (p \< 0.05, [Fig 5F](#pone.0193727.g005){ref-type="fig"}).

*E74* had a significant change in gene expression at 1 and 4 h in comparison to 5, 7, 12 and 16 h (p \< 0.05, [Fig 5G](#pone.0193727.g005){ref-type="fig"}) during subitaneous embryonic development. Gene expression of *E74* at 32 h was significantly different from 5, 7, 12, 16 h, and 48 h (p \< 0.05, [Fig 5G](#pone.0193727.g005){ref-type="fig"}). During quiescence, the expression of *E74* at 1 h was significantly higher in comparison to the other times, except 7 h (p \< 0.05, [Fig 5H](#pone.0193727.g005){ref-type="fig"}). Furthermore, the expression of E74 was significantly lower at 7 d quiescence in comparison to 1, 4, 5, 7, 12 and 32 h (p \< 0.05, [Fig 5H](#pone.0193727.g005){ref-type="fig"}).

Discussion {#sec012}
==========

To examine the role of ecdysteroids during subitaneous development and quiescence of *A*. *tonsa* embryos, we evaluated the egg hatching success, embryogenesis progression and gene expression of target genes involved in the ecdysone-signaling cascade.

Subitaneous eggs of *A*. *tonsa* had a hatching success of \~10% after 24 h, which increased to \~75% after 48 h and plateaued around \~90% after 48 and 96 h. Similar patterns of hatching success have been observed in studies using the same strain of *A*. *tonsa* and temperature as in the present study \[[@pone.0193727.ref032]\]. For instance, one study reported a hatching of 55% after 24 h and 90% after 48 h, while another reported hatching of \~25% after 24 h and \~65% after 48 h \[[@pone.0193727.ref032],[@pone.0193727.ref033]\]. Regardless of the pattern leading to saturation of hatching succes, *A*. *tonsa* hatching reaches a plateau around 90% within 96 h \[[@pone.0193727.ref032]--[@pone.0193727.ref035]\].

Post-quiescent embryos exhibited a slower hatching rate in comparison to those with subitaneous development. Only about 1% of the embryos hatched within 24 h, that slowly increased to \~83% after 96 h. The post-quiescent hatching pattern is, however, similar to \[[@pone.0193727.ref033]\], that increased to \~84% after 96 h.

Compared to the DAPI visualization of subitaneous embryogenesis, the developmental progress stalled at the G stage around 48 h, were it remained for the rest of the quiescence. The slower hatching rate post-quiescence suggests that the embryos have to 'wake up' their development from their G stage before continuing subitaneous development, which takes longer time than if embryos were present in later stages than G (i.e. 32 h subitaneous embryos followed by 14 d quiescence).

To challenge this, embryos undergoing subitaneous development for 32 h, corresponding to the LB stage, were induced quiescence for 14 d. The hatching of these eggs was rapid, with a success \~82% after 24 h, which also plateaued around 90% after 96 h. The staining of these embryos revealed that only G--or developmental stages beyond that up to FN were present. The staining of \~2.5-month cold-stored eggs had similar embryonic stage-distribution. This suggests embryos that have not reached G will develop to this stage during quiescence and stay there, which also was confirmed by the positive control from the same egg batch (i.e. 14 d quiescence). If the embryos have progressed further than G during subitaneous development, the development will continue slowly towards FN, probably corresponding to the lower temperature conditions. These embryos will probably burn out of energy faster than embryos developing to and staying in G during quiescence.

For the present study, we examined embryos with an age of maximum \~2.5-months. Drillet et al. (2006) have shown that hatching of *A*. *tonsa* eggs was \~70--80% after 3 and 11-months, \~40% after 12-months, and no viable embryos after 20-months of cold-induced quiescence \[[@pone.0193727.ref036]\]. The duration limit in relation to quiescence is suggested to be due to energy-depletion, where fatty acid pools for embryonic development are reduced over time \[[@pone.0193727.ref037],[@pone.0193727.ref038]\]. In the observed \~10% non-hatching eggs the embryos were all present in G or exceeding developmental stages. The development of these are probably at a slower pace in comparisons to other embryos from the same egg batch and can be categorized as delayed-hatching eggs according to Chen and Marcus (1997) \[[@pone.0193727.ref039]\].

The expression of *EPPase* at 1 and 4 h (S1-S8) differed from the rest of the subitaneous development, except at 7 h, which could be because of an outlier in the data. This suggests that *EPPase* have an important role in the beginning of *A*. *tonsa* embryogenesis. The expression after 1 and 4 h gradually decreased towards hatching. In the water-flee, *Daphnia magna*, *EPPase* expression have shown to be elevated during the first 6 hours of embryogenesis until the beginning of O \[[@pone.0193727.ref040]\]. This is comparable with the observed expression levels for *A*. *tonsa*, where *EPPase* is elevated just prior G. Gene knockout of *EPPase* have shown to result in the arrested development of *D*. *magna*, which confirms its essential role in early subitaneous development \[[@pone.0193727.ref040]\]. In the quiescent state, *EPPase* exhibited down-regulated expression after 1 h, which is consistent with the lack of *EPPase* activity observed during insect diapause \[[@pone.0193727.ref020],[@pone.0193727.ref040]\]. During insect diapause, embryonic ecdysteroids are mainly found in conjugated form, while subitaneous development has free- and conjugated forms coexisting, which could explain the low expression of *EPPase* \[[@pone.0193727.ref018], [@pone.0193727.ref035], [@pone.0193727.ref036]\].

*EcR* exhibited a decrease in expression from 1 to 16 h during subitaneous development, followed by a slight peak at 32 h. This could suggest a more profound peak in *EcR* expression between 16 and 32 h, that would be transcribed prior *ßFTZ-F1* and *E74*, which both peaked at 32 h \[[@pone.0193727.ref009]\].

Expression of *ßFTZ-F1* gradually decreased from 1 h to 12 h post-oviposition, followed by an increase that statistically peaked at 32 h corresponding to the LB stage. The 1, 4 and 48 h did not result in significant results, which could be due to gradual changes in expression over time. The initial higher levels--and peak the of *ßFTZ-F1* during subitaneous development, probably indicate a previous rise in E20 titer \[[@pone.0193727.ref009]\].

The initial decrease corresponds to the observed levels of *EPPase*--suggesting that 20E initially are originating from yolk-conjugated ecdysteroids. Since there is no later corresponding a peak in *EPPase* expression, but in *ßFTZ-F1*, this could suggest that the 20E at that point are *de novo* synthesized by Cytochrome P~450~ enzymes encoded by Halloween genes \[[@pone.0193727.ref017],[@pone.0193727.ref020]\]. A similar expression pattern was observed for E74, but the decrease after 4 h until the peak at 32 h where, however, abrupt drop rather than a gradually decrease. The matching expression patterns of *ßFTZ-F1* and *E74* corresponds to that *ßFTZ-F1* stimulated the expression of *E74*, which in turn targets CP genes further down the ecdysone-signaling cascade \[[@pone.0193727.ref008],[@pone.0193727.ref009]\].

During subitaneous development of the silkworm, *Bombyx mori*, 20E is only present to a minor degree, but around G and O the levels increase rapidly \[[@pone.0193727.ref020]\]. In *A*. *tonsa*, this could be consistent with the observed peaks in the expression of *ßFTZ-F1* and *E74* that are observed around LB. The observed levels of *ßFTZ-F1* and *E74* are consistent with levels observed in other studies \[[@pone.0193727.ref009]\].

During quiescence, *EPPase*, *ßFTZ-F1*, and *E74* exhibited a decreasing pattern in expression with lowest levels at 7 d. The expression of *EcR* did not change significantly over time. This suggests that the ecdysone signaling cascade, and thereby ecdysteroids, have a key role in the subitaneous development of *A*. *tonsa*, but not during quiescence. In insects, however, the biological active 20E have been shown to be able to abrupt the dormant state, diapause \[[@pone.0193727.ref041],[@pone.0193727.ref042]\]. This suggests that a rise in active ecdysteroids will be able to resume embryogenesis of dormant eggs.

This work provided a detailed description of subitaneous development and quiescence of eggs from our model calanoid species, *A*. *tonsa*. We demonstrated for the first time that embryos would stay in G during quiescence, if the embryos previously had not exceeded that point during subitaneous development. Embryos developed further than G appeared to be present in later stages during quiescence. Hatching from embryos no older than 1 h before induction of quiescence happened at a slower rate in comparison to subitaneous embryos. This suggests that the embryos have to 'wake up' from quiescence in G before continuing embryogenesis. Eggs wherein embryos developed to around LB had 'instant' hatching within 24 h after the quiescent conditions were terminated, which support the findings of that younger embryos are present in G, while older are present in stages beyond that. The expression patterns of the four genes involved at different levels of the ecdysone-signaling cascade suggest two peaks in 20E titer. The first one at the beginning of embryogenesis, originating from yolk-conjugated ecdysteroids based on the *EPPase* expression. The second around the LB stage probably caused by a peak in *de novo* synthesized 20E, since there are no changes in expression of *EPPase* but of *ßFTZ-F1*, *E74* and possible *EcR*, which are further in the signaling cascade.

Vitiello et al. (2016) found a high egg-mortality of 80% after 150 days of cold-storage for a Mediterranean *A*. *tonsa* strain \[[@pone.0193727.ref043]\]. The eggs were collected 18-24h after spawning at 20--21°C \[[@pone.0193727.ref043]\]. Furthermore, it was found that eggs stored from 90 to 240 days required more time to hatch that eggs stored for a shorter period \[[@pone.0193727.ref043]\]. The higher temperature in Vitiello et al. (2016) the first 18-24h of embryogenesis, as well as strain-differences may explain the significant loss of viable eggs during their egg cold-storage \[[@pone.0193727.ref043]\]. Strains of *A*. *tonsa* originating from different geographic regions have shown significant differences in terms of cold-storage capacity \[[@pone.0193727.ref044]\]. Other strains may reach the G stage at different rates.

*A*. *tonsa* and 41 other marine copepod species have been reported to produce resting eggs \[[@pone.0193727.ref003]\]. Embryos undergoing dormancy constitute ecological and evolutionary reservoirs that are able to recruit new individuals to a pelagic population and ensure its survival during environmental change. Species capable of having egg banks of viable dormant eggs will have a better chance of survival during adverse conditions, in comparison to species without \[[@pone.0193727.ref045]\].

We suggest that time for initiating embryonic quiescence is of imperative significance for embryonic survival in natural egg banks vital for later re-inoculation of the pelagic after e.g. overwintering \[[@pone.0193727.ref046]\]. Moreover, it is an aspect of relevance for optimizing protocols for generating culture egg banks in relation to live feed products for marine fish hatcheries \[[@pone.0193727.ref044],[@pone.0193727.ref047]\]. The findings of the present study open new opportunities for cold-storing copepod eggs.
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###### Selected developmental times for sampling embryos of the subitaneous development and quiescent state for real-time quantitative PCR and description of the corresponding developmental stages.
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Click here for additional data file.

###### Real-time quantitative PCR primers for the following genes: *ecdysteroid-phosphate phosphatase* (*EPPase*), *ecdysone receptor* (*EcR*), *ß fushi tarazu transcription factor 1* (*ßFTZ-F1*), *ecdysteroid-regulated early gene E74* (*E74*), *ATP synthase* (*ATPS*) and *Histone 3* (*HIST*).

Accession numbers, similarity percentages and E-values are given for the species used to search for the gene sequences in the *Acartia tonsa* transcriptome with accession number: GFWY00000000. The sequences were extracted from the transcriptome and the primers generated. F: forward primer, R: reverse primer.
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Click here for additional data file.
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